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INTRODUCTION
The use of polyvinyl alcohol (PVA) as a separator in various alkaline battery applications is well known. PVA film separators are used because of their insolubility and high ionic conductivity in alkaline electrolytes. Further, PVA film is easily fabricated on a commercial scale from aqueous solution and presents neither a health hazard to personnel nor a pollution threat to the environment.
Cross-linking PVA makes it water insoluble, increases its mechanical strength, and improves its oxidation resistance (ref. This paper compares the effect of two cross-linking methods on PVA film properties measured for alkaline battery separators. One cross-linking method involves a two-step process: First, the film is made; then the dry film is treated with acidic solutions to achieve the desired cross-linking. The second method is a one-step method developed at the NASA Lewis Research Center to cross-link PVA films during commercial production operations. The PVA film is cross-linked during conventional oven drying; thus no further treatment is required.
Separator properties were measured for films made by the two-step method where the cross-linking reaction is catalyzed by either acid or acid periodate solutions. Two dialdehyde cross-linking reagents were compared. Then the effect on separator properties of glyoxylic acid (the reagent used to convert the two-step method into a one-step method) was evaluated in both methods.
Finally films made on pilot-plant equipment were evaluated to measure the effect of the two cross-linking methods on separator properties. These films were then performance characterized and cycle tested in small Ni-Zn cells to compare the two cross-linking methods and to compare the cross-linked PVA films to Celgard.
MATERIALS AND PROCEDURE

Materials
A commercially available polyvinyl alcohol (PVA), Elvanol 71-30, a mediumviscosity-grade PVA, was used for this work. This material is greater than 99 percent hydrolyzed. A 4 percent aqueous solution has a viscosity of 28 to 32 cPo The 1,2 diol content was 3.99 groups per 100 monomer units. The effects of the acid and acid periodate catalysis methods were compared in reference 3 for cross-linked PVA films made from low-viscosity PVA.
Results indicated that periodate-treated PVA films exhibited higher ionic resistivity but longer cycle life in Ag-Zn and Ni-Zn cells than did acid-treated films.
Two-Step Cross-Linking Methods 
One-Step Cross-Linking Method
The two-step methods of cross-linking were judged not commercially desirable because the dry films when immersed in the acid treatment solutions lost much of their strength. They tore easily when handled. The use of machine processing appeared very unlikely. An evaluation of a batch-processing method to achieve cross-linking showed that a wound roll of un-cross-linked PVA film An apparent manufacturing method was found when the one-step crosslinking method described in the procedure section was worked out. The GOA, selected as the model reagent, was used to convert the cross-linking method to a one-step film-manufacturing process. The GOA contains the necessary acid to catalyze the cross-linking reactions; and since GOA reacts chemically with PVA, it leaves no residual products in the film that need to be rinsed out.
The only constraints on the film-casting process are time and temperature.
The film has to be cast before gelation starts in order to prevent casting a film containing domains of cross-linked product. As temperature is lowered, the time to gelation increases.
The acid periodate cross-linking treatment does not appear easily adaptable to the one-step method. The oxidation-reduction reaction involving the hydroxyl and the periodate leaves an iodine reaction product in the membrane.
This can be removed by rinsing with water but involves an additional treatment step. This approach was not pursued.
In table III the effect of the cross-linking methods (two step vs. one step) on resistivity and zincate diffusivity is measured for two cross-linking reagents (OAF and TPA) and on films with 2 wt % OAF and 5 wt % fillers. The one-step method generally results in a cross-linked film having a higher (but acceptable) resistivity and a lower zincate diffusion rate.
r-
Evaluation of Pilot-Plant Materials
Two pilot-plant batches of film materials 'were processed. The purpose was to establish the feasibility of the one-step method on a PVA-film-casting machine. The compositions of the two materials are shown in table V. The major difference in composition was the 13 wt % GOA (manufacturer error, should have been 10%) added to the one-step material to cross-link it during the drying process. The one-step material came off the line as a cross-linked product. The two-step material was processed and dried and subsequently cross-linked by using the acid treatment procedure.
The two cross-linked films were then compared. The data on the two-step film in table VI are quite similar to the 2-wt %-OAF two-step data in table III.
The area resistivity of 0.037 ohm-cm 2 shown in table VI is quite close to the 2 -7 0.04 ohm-cm value for the laboratory-prepared sample. A plot of discharge voltage as a function of ampere-hour capacity is shown in figure 1 for the two types of cross-linked PVA films and Celgard.
The ampere-hour capacity was measured to a 1-V cutoff. The C/2 discharge rate was 3.6 A (approx 14-mA/cm 2 current density) for a constant current discharge. An examination of figure 1 shows that although the ampere-hour capacities did not vary much for the cells, the PVA films showed a midpoint voltage that was approximately 50 mV higher than that of the Celgard film. The plots in figure 1 were taken from cycle 6, the C/2 rate performance characterization cycle. Producing a cross-linked film in a one-step process during conventional film drying opens up other areas for separator development. An obvious approach would be to apply the separator directly to the electrode as a result of a multiple dipping operation, using drying steps between dipping steps to achieve a satisfactory, defect-free separator. H",,- 
